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METHOD AND SYSTEM FOR 
INCREMENTALLY IMPROVING A 

PROGRAM LAYOUT 

RELATED APPLICATIONS 

This patent application is related to US. patent applica 
tion Ser. No. 08/931,030 entitled “Method and System for 
Improving the Layout of a Program Image Using Cluster 
ing” and US. patent application Ser. No. 08/931,861 entitled 
“Method and System for Controlling the Improving of a 
Program Layout, Which are being ?led concurrently and are 
hereby incorporated by reference. 

TECHNICAL FIELD 

This invention relates to a method and system for opti 
miZing a computer program image and, more particularly, to 
a method and system for rearranging code portions of the 
program image to reduce the Working set. 

BACKGROUND OF THE INVENTION 

Many conventional computer systems utiliZe virtual 
memory. Virtual memory provides a logical address space 
that is typically larger than the corresponding physical 
address space of the computer system. One of the primary 
bene?ts of using virtual memory is that it facilitates the 
execution of a program Without the need for all of the 
program to be resident in main memory during execution. 
Rather, certain portions of the program may reside in sec 
ondary memory for part of the execution of the program. A 
common technique for implementing virtual memory is 
paging; a less popular technique is segmentation. Because 
most conventional computer systems utiliZe paging instead 
of segmentation, the folloWing discussion refers to a paging 
system, but these techniques can be applied to segmentation 
systems or systems employing paging and segmentation as 
Well. 

When paging is used, the logical address space is divided 
into a number of ?xed-siZe blocks, knoWn as pages. The 
physical address space is divided into like-siZed blocks, 
knoWn as page frames. Apaging mechanism maps the pages 
from the logical address space, for example, secondary 
memory, into the page frames of the physical address space, 
for example, main memory. When the computer system 
attempts to reference an address on a page that is not present 
in main memory, a page fault occurs. After a page fault 
occurs, the operating system copies the page into main 
memory from secondary memory and then restarts the 
instruction that caused the fault. 

One paging model that is commonly used to evaluate the 
performance of paging is the Working set model. At any 
instance in time, t, there exists a Working set, W(k, t), 
consisting of all the pages used by the k most recent memory 
references. The operating system monitors the Working set 
of each process and allocates each process enough page 
frames to contain the process’ Working set. If the Working 
set is larger than the number of allocated page frames, the 
system Will be prone to thrashing. Thrashing refers to very 
high paging activity in Which pages are regularly being 
sWapped from secondary memory into the pages frames 
allocated to a process. This behavior has a very high time 
and computational overhead. It is therefore desirable to 
reduce the siZe of (i.e., the number of pages in) a program’s 
Working set to lessen the likelihood of thrashing and sig 
ni?cantly improve system performance. 
A programmer typically Writes source code Without any 

concern for hoW the code Will be divided into pages When it 
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2 
is executed. Similarly, a compiler program translates the 
source code into relocatable machine instructions and stores 
the instructions as object code in the order in Which the 
compiler encounters the instructions in the source code. The 
object code therefore re?ects the lack of concern for the 
placement order by the programmer. A linker program then 
merges related object code together to produce executable 
code. Again, the linker program has no knoWledge or 
concern for the Working set of the resultant executable code. 
The linker program merely orders the instructions Within the 
executable code in the order in Which the instructions are 
encountered in the object code. The computer program and 
linker program do not have the information required to make 
a placement of code Within an executable module to reduce 
the Working set. The information required can in general 
only be obtained by actually executing the executable mod 
ule and observing its usage. Clearly this cannot be done 
before the executable module has been created. The execut 
able module initially created by the compiler and linker thus 
is laid out Without regard to any usage pattern. 
As each portion of code is executed, the page in Which it 

resides must be in physical memory. Other code portions 
residing on the same page Will also be in memory, even if 
they may not be executed in temporal proximity. The result 
is a collection of pages in memory With some required code 
portions and some unrequired code portions. To the extent 
that unrequired code portions are loaded into memory, 
valuable memory space may be Wasted, and the total number 
of pages loaded into memory may be much larger than 
necessary. 

To make a determination as to Which code portions are 
“required” and Which code portions are “unrequired,” a 
developer needs execution information for each code 
portion, such as When the code portion is accessed during 
execution of the computer program. A common method for 
gathering such execution information includes adding 
instrumentation code to every basic block of a program 
image. A basic block is a portion of code such that if one 
instruction of the basic block is executed then every instruc 
tion is also executed. The execution of the computer pro 
gram is divided into a series of time intervals (e.g., 500 
milliseconds). Each time a basic block is executed during 
execution of the computer program, the instrumentation 
code causes a ?ag to be set for that basic block for the 
current time interval. Thus, after execution of the computer 
program, each basic block Will have a temporal usage vector 
(“usage vector”) associated With it. The usage vector for a 
basic block has, for each time interval, a bit that indicates 
Whether that basic block Was executed during that time 
interval. The usage vectors therefore re?ect the temporal 
usage pattern of the basic blocks. 

After the temporal usage patterns have been measured, a 
paging optimiZer can rearrange the basic blocks to minimiZe 
the Working set. In particular, basic blocks With similar 
temporal usage patterns can be stored on the same page. 
Thus, When a page is loaded into main memory, it contains 
basic blocks that are likely to be required. 

The minimiZation of the Working set is an NP-complete 
problem, that is, no polynomial-time algorithm is knoWn for 
solving the problem. Thus, the time needed to minimiZe the 
Working set of a program image generally increases expo 
nentially as the number of code portions increase (i.e., O(e”), 
Where n is the number of code portions). Because complex 
program images can have thousands, and even hundreds of 
thousands, of code portions, such an algorithm cannot 
generate a minimum Working set in a timely manner even 
When the most poWerful computers are employed. Because 
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the use of such algorithms are impractical for all but the 
smallest program images, various algorithms are needed to 
generate a layout that results in an improved Working set 
(albeit not necessarily the minimal Working set) in a timely 
manner. 

SUMMARY OF THE INVENTION 

The present invention provides a method and system for 
incrementally improving the layout of a program image of a 
computer program to reduce the Working set. The system 
iteratively selects pairs of basic blocks and reorders the basic 
blocks in the range delimited by the selected pair of basic 
blocks. The system selects the pairs of basic blocks so that 
the Working set of the computer program is improved by 
reordering the basic block in the range. Thus, during each 
iteration, the Working set is improved. The system continues 
With these iterations until a termination condition (e.g., 
number of iterations) is satis?ed. 

In one embodiment, during each iteration the system 
designates one of the basic blocks as an initial anchor basic 
block. The system then repeats the folloWing until the same 
range of basic blocks is identi?ed tWice in a roW. The system 
?rst ?nds a basic block such that When the basic blocks in 
the range from the anchor basic block to the found basic 
block are reordered, the Working set is more favorable than 
the reordering of any other range that ends With the anchor 
basic block. The system then designates the found basic 
block as the neW anchor basic block. When the same range 
is found tWice in a roW, the system reorders the basic blocks 
in the range. This process is repeated for each iteration until 
the termination condition is satis?ed. The resulting reor 
dered program image has its Working set improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. 1A—1C illustrate the permuting of a range of basic 
blocks. 

FIG. 2 is a block diagram illustrating the components of 
the incremental layout system. 

FIG. 3 is a How diagram of an implementation of a routine 
to incrementally improve a program layout. 

FIG. 4 is a How diagram of an implementation of a routine 
that designates an initial anchor block for an iteration. 

FIG. 5 is a How diagram of an implementation of a routine 
to ?nd a basic block With the loWest metric value. 

FIG. 6 is a How diagram of an implementation of a routine 
to calculate a metric value When a range is permuted. 

FIG. 7 is a How diagram of an implementation of a routine 
to sWap a range of basic blocks. 

FIG. 8 is a How diagram of an implementation of a routine 
that sets the permutation type for the neXt iteration of the 
incremental improvement. 

FIG. 9 is a How diagram of an implementation of a routine 
to calculate the estimated siZes of the basic blocks. 

FIG. 10 illustrates the frequency of invoking of the linker. 
FIG. 11 is a How diagram of an implementation of a 

routine to evaluate the metric function. 

FIG. 12 is a diagram illustrating the permutation of basic 
blocks. 

FIG. 13A illustrates sample temporal usage vectors for 
basic blocks. 

FIG. 13B illustrates the temporal usage vector for a page 
that contains certain basic blocks. 

FIG. 13C is a table shoWing sample Weights allocated for 
each time interval. 

10 

15 

25 

35 

45 

55 

65 

4 
FIG. 13D illustrates a sample calculation of the Weighted 

space-time product for the page that contains certain basic 
blocks. 

FIG. 14 illustrates a graph of metric values versus time 
intervals of various metric functions. 

DESCRIPTION OF THE INVENTION 

The present invention provides a method and system for 
incrementally improving the Working set of a computer 
program. In one embodiment, the incremental layout system 
receives an initial program image that speci?es an initial 
ordering of the code portions (e.g., basic blocks). The initial 
program image is preferably established by the techniques 
described in the patent application entitled “Method and 
System for Improving the Layout of a Program Image using 
Clustering,” Which has been incorporated by reference. Such 
an initial program image has code portions clustered based 
on their temporal usage patterns. HoWever, the code portions 
are not necessarily advantageously located With respect to 
page boundaries. The system of the present invention 
improves on the Working set of the initial program image by 
iteratively selecting pairs of code portions that delimit a 
range of code portions and permuting (ie., reordering) the 
code portions Within the range. The system selects pairs of 
code portions such that When the code portions of the range 
are permuted (i.e., reordered) the Working set is reduced. 
Thus, during each iteration, one range of code portions is 
permuted in a Way that improves the Working set. The 
system repeats the iterations until a speci?ed termination 
condition (e.g., a certain number of iterations) is satis?ed. 

In one embodiment, the system during each iteration 
randomly selects multiple pairs of basic blocks. The system 
then determines Which of the selected pairs of basic blocks 
delimit a range that, When the basic blocks Within the range 
are permuted according to a prede?ned permutation scheme, 
Would result in the greatest improvement of the Working set. 
The system then uses this determined pair of basic blocks as 
a starting point for identifying another pair of basic blocks 
that delimit the range to be permuted during the iteration. To 
identify another pair of basic blocks, the system ?rst des 
ignates one basic block of the determined pair of basic 
blocks as an anchor basic block. The system then calculates 
a metric value that indicates the effect on the Working set 
that Would be obtained by permuting the basic blocks in each 
possible range of basic blocks that includes the anchor basic 
block at one end of the range. For eXample, if there are 10 
basic blocks and basic block 2 is designated as the anchor 
basic block, then the possible ranges are delimited by basic 
block 0 and basic block 2, basic block 1 and basic block 2, 
basic block 2 and basic block 3, basic block 2 and basic 
block 4, and so on. Thus, there are N-l ranges of basic 
blocks, Where N is the number of basic blocks. The system 
then designates the basic block at the other end of the range 
With the smallest calculated metric value (ie., the range 
Whose permutation Would result in the best improvement of 
the Working set) as the neW anchor basic block. The system 
then calculates a metric value for each possible range of 
basic blocks that includes the neWly designated anchor basic 
block at one end of the range. For eXample, if the range With 
the smallest metric value Was delimited by old anchor basic 
block 2 and basic block 7, then basic block 7 Would be 
designated as the neW anchor basic block. Thus, the possible 
ranges Would be delimited by basic block 0 and basic block 
7, basic block 1 and basic block 7, and so on. This process 
is repeated until the same range is selected tWice in a roW. 
That is, the basic block at the other end of the range Was the 
last anchor basic block designated before the currently 
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designated basic block. For example, if the current range 
With the smallest metric value is delimited by basic block 2 
and the anchor basic block 7, and the previous range With the 
smallest metric value is basic block 7 and anchor basic block 
2, then the same range is selected tWice in a roW. When the 
same range has the smallest metric value tWice in a roW, then 
the system Would otherWise loop forever selecting that same 
range of basic blocks. The system then permutes the basic 
blocks in the range. If the termination condition is satis?ed, 
then the system has completed the incremental 
improvements, else the system starts another iteration by 
again randomly selecting multiple pairs of basic blocks. 
Many different techniques for permuting the basic blocks 

in a range can be used. For example, the basic blocks in a 
range could be arbitrarily reordered and the metric value 
Would indicate the effect of such arbitrary reordering on the 
Working set. In one embodiment, techniques referred to as 
sWapping and re?ecting are used. A range of basic blocks is 
sWapped by exchanging the order of the end basic blocks of 
the range. That is, the ?rst basic block of the range is 
positioned as the last basic block of the range and vice versa. 
A range is re?ected by inverting the order of all the blocks 
in the range. That is, the last basic block in the range 
becomes the ?rst basic block in the range, the second to the 
last basic block in the range becomes the second basic block 
in the range, and so on. 

FIGS. 1A—1C illustrate the permuting of a range of basic 
blocks. FIG. 1A illustrates the blocks of an example range. 
In this example, basic block 68 and basic block 72 are the 
end basic blocks of the range as indicated by the arroWs. The 
range includes basic blocks 68, 45, 21, and 72. FIG. 1B 
illustrates the sWapping of the range of basic blocks. In this 
example, the ordering of end basic blocks 68 and 72 are 
exchanged (i.e., sWapped). That is, basic block 72 is moved 
to Where basic block 68 Was positioned, and basic block 68 
is moved to Where basic block 72 Was positioned. Thus, the 
reordered range is basic blocks 72, 45, 21, and 68. FIG. 1C 
illustrates the re?ecting of the range of basic blocks. In the 
example, the basic blocks 68, 45, 21, and 72 are reordered 
so that the ?rst basic block 68 in the range is positioned as 
the last basic block in the range, the second basic block 45 
in the range is positioned as the second to the last basic block 
in the range, and so on. Thus, the reordered range is basic 
blocks 72, 21, 45, and 68. 
When the effect of reordering a range of basic blocks is 

evaluated, the order of all the basic blocks in the program 
image is knoWn. Thus, the system can generate a metric 
value that re?ects the actual ordering. HoWever, the siZe of 
the basic blocks may not be knoWn. The siZe of a basic block 
may be dependent on both the ordering of the basic block 
relative to other basic blocks and the starting location of the 
basic block. First, the siZe of references (e.g., pointers and 
offsets) Within a basic block can change depending on the 
distance betWeen the basic block and the location of the item 
to Which the reference points. For example, some transfer 
instructions specify a relative offset that can range from 
—128 to +127 and are represented Within 8 bits, and other 
transfer instructions specify a relative offset that can range 
from —32,768 to +32,767 and are represented by 16 bits. If 
the target instruction of a transfer instruction is moved to a 
location that is to be farther than 127 locations aWay, then 16 
bits are needed to reference the target location. Thus, the siZe 
of the basic block that contains the transfer instruction 
Would be one byte larger than if the target location Was 
Within 127 locations. Second, certain basic blocks may have 
alignment constraints. For example, a basic block may need 
to be aligned on a 16-byte boundary because a certain 
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transfer instruction that transfers control to that basic block 
can only specify locations at 16-byte boundaries. To cor 
rectly specify the siZe and starting location of each basic 
block in one ordering of the program image, the system can 
invoke a conventional linker program that links the program 
image. As part of the linking process, the linker establishes 
the siZe and starting location of each basic block. Thus, With 
knoWledge of the siZe and starting location of each basic 
block, the system can calculate the metric value based on the 
exact program image. HoWever, the overhead associated 
With invoking the linker every time a metric value is to be 
calculated may be unacceptable. To avoid the overhead, the 
system uses several different techniques. With the ?rst 
technique, the system invokes the linker only occasionally 
during the process and uses only an approximation of the 
siZe of each basic block in betWeen When the linker is 
invoked. With the second technique, the system maintains 
the maximum siZe ever returned by the linker as the approxi 
mation of the siZe of each basic block. With the third 
technique, the system initially invokes the linker on speci 
?ed permutations of the initial layout to establish an initial 
value for each maximum siZe. Each of these techniques 
reduces the need to invoke the linker during the improve 
ment process. 

FIG. 2 is a block diagram illustrating the components of 
the incremental layout system. The layout system is prefer 
ably executed on a computer system that includes a central 
processing unit 201, a memory 202, and a secondary storage 
203. As shoWn, the memory contains the initial program 
image 204 that is to be reordered, temporal usage vectors 
205, an incrementally improve program layout component 
206, and the resulting reordered program image 209. The 
incrementally improve program layout component includes 
a ?nd initial anchor basic block component 207 and ?nd 
range to permute component 208. The secondary storage 
includes a disk drive and other computer-readable medium 
such as a CD-ROM. The incrementally improve program 
layout component is initially loaded from the secondary 
storage. 

FIG. 3 is a ?oW diagram of an implementation of a routine 
to incrementally improve a program layout. The routine 
receives an initial program image and temporal usage vec 
tors for the basic blocks of the program image. The routine 
loops selecting and permuting ranges of basic blocks until a 
termination condition is satis?ed. Through each iteration of 
the loop (i.e., an incremental improvement step), the routine 
selects an initial anchor basic block. The routine then 
evaluates, for each other basic block, the effect on the 
Working set of permuting the range of basic blocks delimited 
by that basic block and the anchor basic block. The routine 
designates the other basic block that delimits the range With 
the most favorable effect on the Working set (ie., With the 
smallest metric value) as the neW anchor basic block. When 
the same range (i.e., delimited by the same basic blocks) 
tWice in a roW is determined to have the most favorable 
effect, then the routine permutes the basic block in the range 
and ends that iteration of the loop. In step 301, the routine 
invokes a subroutine to set the permutation type. In one 
embodiment, the permutation type changes betWeen sWap 
ping and re?ecting a range of basic blocks. Alternatively, the 
permutation type can be prede?ned to either sWapping or 
re?ecting and does not change during execution of the 
routine. In step 302, the routine invokes a routine to calcu 
late the estimated siZe of each basic block. The invoked 
subroutine can periodically invoke the linker to determine 
the estimated siZe for each basic block. Alternatively, the 
estimated siZe of each basic block can be established ini 
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tially and not recalculated. In step 303, the routine invokes 
a subroutine to designate a basic block as an initial anchor 
basic block. In steps 304—306, the routine loops according to 
a “slinky” algorithm to determine a pair of basic blocks 
Whose permutation Will result in a loWer metric value for the 
program image. The algorithm is referred to as “slinky” 
because during each-iteration the non-anchor basic block of 
the pair is designated as the neW anchor basic block. Thus, 
a neWly designated anchor basic block is based on the metric 
values associated With the previous anchor basic block. In 
step 304, the routine invokes a subroutine to ?nd the basic 
block that, along With the anchor basic block, delimits a 
range Whose permutation results in the loWest metric value. 
The invoked subroutine returns an indication of the permu 
tation as a temporary layout of the program image. In step 
305, if the found basic block and the anchor basic block 
delimit the same range as the last range delimited, then the 
routine continues at step 307, else the routine continues at 
step 306. If the found basic block Was designated as the 
anchor basic block just before the current anchor basic block 
Was designated, then the current range delimited by the 
anchor basic block and the found basic block is the same as 
the last range found. That is, When the same range is found 
tWice in a roW, then that range is the range that the slinky 
algorithm identi?es as best to permute during this iteration 
given the initial anchor basic block. In step 306, the routine 
sets the anchor basic block to the found basic block and 
loops to step 304. In step 307, the routine sets the current 
layout to the temporary layout associated With the current 
anchor basic block and the found basic block. In step 308, 
the routine determines Whether the termination condition of 
the incremental improvements is satis?ed. In step 309, if the 
termination condition is satis?ed, then the routine is done, 
else the routine loops to step 301. In one embodiment, the 
routine can perform the processing of steps 303—306 mul 
tiple times for each loop through steps 301—309. That is, the 
routine may perform the slinky algorithm multiple times for 
different initial anchor basic blocks for each incremental 
improvement step. Since the designation of the initial anchor 
block is based on a random selection of basic blocks, 
different initial anchor basic blocks are typically designated 
each of the multiple times. The routine then selects the 
layout With the loWest metric value as the result of this 
incremental improvement step. The execution of the slinky 
algorithm multiple times may be useful during the ?rst feW 
incremental steps so that the layout With the best metric 
value out of many layouts is selected to further improve its 
Working set. 

Several different termination conditions can be used to 
terminate the incremental improvements. The termination 
conditions may include the number of iterations, the amount 
of time spent, the attaining of a ?xed metric value, and the 
rate of change of the metric value. If the termination 
condition is based on the number of iterations, then the 
number can be empirically derived by evaluating the results 
of many runs of the algorithm. Such an evaluation could 
include revieWing the metric value of the current layout after 
each iteration. HoWever, terminating the algorithm in such a 
Way assumes that there is a strong degree of regularity 
betWeen the optimiZations of different program layouts. 
Such assumption can be justi?ed in certain circumstances, 
such as during the development of a computer program in 
Which an executable is generated and optimiZed, for 
example, on a daily basis. The termination condition based 
on a ?xed amount of time may be desirable in development 
environments. When developing a computer program a 
certain amount of time may be allocated for the building of 
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a neW executable ?le. The alloWing of a ?xed amount of 
time for this optimiZation algorithm can be desirable so that 
daily development can be appropriately scheduled. When 
the termination condition is based upon attaining ?xed 
metric value, a problem arises if the algorithm never reaches 
that metric value. HoWever, such an approach can be used in 
combination With a termination condition based on a number 
of iterations or amount of time spent. A termination condi 
tion based upon the rate of improvement of the metric value 
needs to take into consideration that the decrease is not 
monotonic. The determination of the rate of improvement 
may require smoothing the values in some fashion in order 
to avoid terminating prematurely. 

FIG. 4 is a How diagram of an implementation of a routine 
that designates an initial anchor block for an iteration. The 
routine randomly generates pairs of basic blocks and evalu 
ates the effect on permuting the range of basic blocks 
delimited by that pair. The routine then designates as the 
anchor basic block one of the end basic blocks of the range 
Whose permutation Would result in the best improvement on 
the Working set. In step 401, the routine identi?es various 
sets of basic blocks. Each set of basic blocks contains a 
prede?ned number of basic blocks. Each set de?nes N-1 
pairs of basic block, Where N is the number of basic blocks 
in the set. Each pair of basic block includes the ?rst basic 
block in the set and one other basic block from the set. In one 
embodiment, the basic blocks of each set are randomly 
selected from the basic blocks of the program image. In 
steps 402—409, the routine loops selecting sets of basic 
blocks and identifying the pair of basic blocks that delimit 
a range Whose permutation Would result in a loWest metric 
value of all the ranges delimited by the pairs. In step 402, the 
routine selects the next set of basic blocks starting With the 
?rst set of basic blocks. In step 403, if all the sets of basic 
blocks have already been selected, then the routine returns 
the currently designated anchor basic block, else the routine 
continues at step 404. In steps 404—409, the routine loops 
comparing the metric values associated With the permutation 
of the ranges that begin With the ?rst basic block and end 
With each of the other basic blocks in the set. If any of the 
metric values associated With those permutations are the 
loWest metric values yet determined, then the routine selects 
one of the end basic blocks of that range to be returned as 
the designated anchor basic block. In step 404, the routine 
selects the next basic block in the selected set of basic blocks 
starting With the second basic block in the set. In step 405, 
if all the basic blocks in the selected set have already been 
selected, then the routine loops to step 402 to select the next 
set of basic blocks, else the routine continues at step 406. In 
step 406, the routine invokes a routine to calculate the metric 
value for the permutation of the range delimited by the ?rst 
basic block and the selected basic block in the set. In step 
407, if the calculated metric value is less than the minimum 
metric value that has been calculated so far, then the routine 
continues at step 408, else the routine loops to select the next 
basic block in the selected set of basic blocks. In step 408, 
the routine sets the minimum calculated metric value so far 
to the currently calculated metric value. In step 409, the 
routine designates the ?rst basic block in the selected set as 
the anchor basic block and loops to step 404 to select the 
next basic block in the selected set. 

FIG. 5 is a How diagram of an implementation of a routine 
to ?nd a basic block With the loWest metric value. The 
routine is passed an anchor basic block. The routine com 
pares the ranges of basic blocks starting at that anchor basic 
block and ending at each other basic block in the program 
image. That other basic block that delimits a range Whose 






















